In Japan, the amendment of the design vehicle load from 196 kN to 245 kN in 1994 urges concrete decks and girders of existing bridges to be reinforced. To cope with this issue, we put forward an idea of reducing the weight of the roadway by replacing concrete decks with aluminum ones. To realize this idea, we fabricated an aluminum deck by the friction stir welding. In this paper, we discuss the following topics: (1) Design of aluminum decks of open-hollow sections. (2) Connections of an aluminum deck to a steel girder. (3) Composite effects of an aluminum deck on a steel girder.
Introduction
In Japan, the amendment of the design vehicle load from 196 kN to 245 kN in 1994 urges concrete decks and girders of existing bridges to be reinforced. To cope with this issue, an idea of reducing the weight of the roadway by replacing concrete decks with aluminum ones was put forward. Then an aluminum deck shown in Fig. 1 was introduced at the 8 th INALCO [1] . The deck was fabricated by joining the top and bottom flanges of adjacent extrusions with the friction stir welding (FSW). However, since the deck consisted of hollow sections, it was impossible to examine visually the back surface of the FSW-joints. The Japanese Guideline for Quality Inspection of Aluminum Joints by Friction Stir Welding specifies that the visual inspection of the FSWjoints is mandatory [2] .
Fig. 1 Aluminum deck of hollow sections

Fig. 2 Aluminum deck of open-hollow sections
To solve this problem, an aluminum deck of open-hollow sections was newly designed, where conducting FSW on the open sections made the visual inspection of the back surface of the FSW-joints possible. In this paper, the design procedure of the deck and the method to connect the deck to a steel girder are presented. The structural behavior of the aluminum deck laid on the steel girders is investigated by loading tests. Then the composite effects of an aluminum deck on a steel girder are examined by loading tests. Fig. 2 shows the newly designed aluminum deck on steel girders. The longitudinal direction of the extrusions spans between the steel girders. As shown in Fig. 3 , the ends of the overhangs of the extrusions were butted, and FSW was done there. Therefore, it is possible to inspect visually the upper and lower surfaces of the FSW-joints.
Design of aluminum deck of open-hollow sections
The aluminum deck was designed so as to be applicable to the spacing not greater than 4 m between steel girders. First the top flange of the extrusions was designed, and later the bottom flange and the webs were done. The aluminum alloy used for the extrusions was A6061S-T6. The thickness of the extrusions could not be over 15 mm, because of the product quality of the extrusions and the capability of the FSW machine.
In the design of the top flange, the thickness and the intervals and notified in the The fatigue crack considered in the item (2) is initiated along the FSWjoining line of the top plate of the aluminum deck, as shown in Fig. 4 [1] . The crack is caused by the platebending stress in the bridgelongitudinal direction. The stress is produced by the local out-of-plane deformation of the top plate just under the wheel load. The FEM analysis of aluminum decks gave us the cross section of the extrusion shown in Fig. 6 , which met the above requirements.
Connection of aluminum deck to steel girder
The connection of the aluminum deck to the top flange of a steel girder is shown in Fig. 7 . Three steel stud shear connectors of 22 mm in diameter were welded to the top flange of the steel girder in one row in the bridge-transverse direction. A formwork was laid surrounding the studs to leave the supporting mortar between the top flange of the steel girder and the bottom flange of the aluminum extrusion. The studs were inserted inside the extrusion through a rectangular cutting on the bottom flange. The non-shrinkable mortar was filled through the hole on the top flange of the extrusion. The two aluminum plates which were tied with three aluminum rods were installed inside the extrusion to prevent the mortar from The supporting mortar is necessary to absorb the camber of the steel girders, which is created when existing concrete decks are replaced by aluminum decks. Besides it prevents the electric corrosion of aluminum, since it avoids the direct contact of the aluminum extrusions with the steel girders.
The loading tests showed that the connection was a rigid one, and the fatigue tests demonstrated that it has sufficient fatigue durability [4]. 
Fig. 9 View of loading tests
The hollow sections of the aluminum deck were connected to the top flange of the steel girders with the method mentioned in Chapter 3. The deck is supported by the steel girders placed at an interval of 2 m and it overhangs 1.39 m from the right-hand steel girder.
Fig. 9 presents the view of the loading tests.
A load is applied to the deck through a hard rubber plate of 500 mm. The shape of 500 15 × × 200 200 × mm is the same with the loading area of the design wheel load of a truck specified in the JSHB [3] . As shown in Fig. 10 , the loading tests were carried out on the span in the middle between the steel girders. The load was applied statically until 137.3 kN, after moving the hard rubber plate at every 20 mm interval in the bridgelongitudinal direction. Fig. 11 shows the vertical deflection of the bottom flange of the aluminum deck when the load of 137.3 kN is located on the hollow section 7 in Fig. 10 . In the figure the curve is given by the FEM analysis for the mesh division shown in Fig. 12 . The test values are smaller than the FEM ones. Since the steel girders are not considered in the FEM analysis, it may be the reason that the deck is restrained rotationally by the steel girders. As shown in Figs. 14 and 15(a), the bridgetransverse stress is a plate bending stress just under the load. Except this area, it is a membrane stress. As shown in Figs. 14 and 15(b), the bridge-longitudinal stress is a plate-bending stress, which is very high within the loading area, and decreases rapidly outside the loading area. This stress is produced by the local out-of-plane deformation of the top plate just under the load. In each figure of Figs. 14, 15(a) and 15(b), the test values agree well with the FEM ones. This means that the platebending stress is not influenced by the existence of the steel girders. 
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Hollow section 7 5. Composite effects of aluminum deck on steel girder
Incomplete composite theory
Since stud shear connectors are used in the connection of an aluminum deck to a steel girder, composite effects are produced between both in the bridge-longitudinal direction. Referring to Fig. 16 , the shear force H on the top flange of the steel girder is assumed to have the following relation to the gap δ between the top plate of the aluminum deck and the top flange of the steel girder [6]:
where : elastic spring. k
Based on Eq. (1), the axis force N of the top plate of the aluminum deck or the steel girder is expressed in the following differential equation [6]: 
see Fig. 16 . Here note that A and are the sectional area and the moment of inertia of area, respectively, of the top plate of the aluminum deck. 
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Open section 8 girder. As listed in Table 1 , Specimen I has the concrete of 100 mm in thickness, but an aluminum deck is not provided. The other specimens have an aluminum deck provided, but the thickness of the concrete is different among the specimens. A concentrated load is applied to the span center. Fig.  18 presents the view of the loading tests. The strain on the bottom flange of the steel girder is given by the following equation: 
Conclusions
The design procedure of an aluminum deck of open-hollow sections and the method to connect the deck to a steel girder were presented.
A very high plate-bending stress is produced on the top plate of the aluminum deck just under the wheel load.
The composite effects of an aluminum deck on a steel girder are expressed in terms of the Fig. 18 View of loading tests incomplete composite theory. The composite effects of an aluminum deck on a steel girder are near to the complete composite ones.
